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Limited constraints on Cr isotope fractionation duringweathering and river transport is currently a gap in our un-
derstanding of the chromium (Cr) isotope system, which is an emerging proxy in environmental and
paleoenvironmental studies. Here, we investigate Cr mobility and isotope fractionation from the temperate Con-
necticut River, USA, including Cr concentrations and isotopic compositions of river water, suspended particles,
riverbed sediments, and weathering profiles. The δ53Cr values of the Connecticut River water range from
−0.17‰ to +0.92‰, which are similar to or higher than the weathered rocks in the catchment (−0.08‰ to
−0.29‰). We find seasonal variations in dissolved δ53Cr values in some but not all tributaries, suggesting that
dissolved δ53Cr is not a simple function of seasonality but may also be influenced by sub-catchment heterogene-
ity in lithology. In contrast to dissolved Cr,we found consistent seasonal difference in suspended Cr concentration
and δ53Cr. Suspended δ53Cr is 0.1‰ higher than the unfractionated BSE in the fall (0.01–0.13‰), but indistin-
guishable from the BSE in the spring (−0.11‰ to 0.00‰). The suspended Cr concentration is also lower in the
spring, and with higher Al-Mn-Fe concentrations. The lower suspended Cr concentration and δ53Cr in spring
may be linked to increased silicate and oxide load with depleted Cr due to stronger hydrological flux. Building
from our dataset, there is not a consistent correlationwith climate zones in a compilation of δ53Cr and Cr concen-
tration data from river water and weathering profiles, suggesting that climate is not a dominating factor control-
ling Cr isotopic behavior during weathering, suggesting that other factors (e.g., local catchment conditions and
dissolved organic matter) may also be responsible for the observed river water δ53Cr variability.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

There has been a recent increase in the extent of Cr isotope work,
field in large part by the potential of Cr isotopes as paleoredox proxies.
Chromium is a redox-sensitive transition metal (atomic number 24,
group VI A) with twomajor valence states: hexavalent Cr(VI) and triva-
lent Cr(III). Cr (VI) exists as chromate (CrO4

2−) and/or dichromate an-
ions (Cr2O7

2−), which are highly soluble and a common carcinogenic
pollutant in surface water and ground water systems. In contrast,
Cr(III) is scarcely soluble at environmentally relevant pH, and easily
absorbed onto solid surfaces (Elderfield, 1970; Bartlett and Kimble,
1976a, 1976b; Bartlett and James, 1979; Ross et al., 1981; James and
Bartlett, 1983a, 1983b, 1983c; Rai et al., 1989; Manceau and Charlet,
1992; Fendorf, 1995; Kotaś and Stasicka, 2000).
ial Geochemistry, Ministry of
, Nanjing University, Nanjing
Several factors contribute to redox transformations between Cr(III)
and Cr(VI), including oxidation/reduction, precipitation/dissolution,
and sorption/desorption reactions. It is accepted thatmanganese oxides
are the primary environmental oxidant that converts insoluble Cr(III) to
soluble Cr(VI) (e.g., Bartlett and James, 1979; Nakayama et al., 1981;
Eary and Rai, 1987; Grohse et al., 1988; Fendorf and Zasoski, 1992;
Fendorf, 1995), although an alternative oxidant, hydrogen peroxide
(H2O2), may be locally important in areas with ultramafic rock (Oze et
al., 2016). Conversely, soluble Cr(VI) can be reduced back to insoluble
Cr(III) by a range of reductants such as soluble and solid-phase Fe(II)
and S(-II), dissolved organic molecules, and microorganisms
(Schroeder and Lee, 1975; Bodek et al., 1988; Eary and Rai, 1989; Rai
et al., 1989; Fendorf, 1995; Fendorf and Li, 1996; Patterson et al.,
1997; Pettine et al., 1998; Kim et al., 2001; Wielinga et al., 2001; Ellis
et al., 2002; Sikora et al., 2008; Graham and Bouwer, 2009; Døssing et
al., 2011; Han et al., 2012; Kitchen et al., 2012; Xu et al., 2015). Precipi-
tation/dissolution reactions also play an important role, and are
governed by the solubility of the chromium compound and the kinetics
of dissolution (e.g., Sass and Rai, 1987; Bodek et al., 1988). Lastly, sorp-
tion/desorption reactions are relevant to the mobility of Cr (Freeze and
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Cherry, 1979; Eary and Rai, 1989; Rai et al., 1989), for example, chro-
mates can be adsorbed by amorphous aluminum, iron oxides, and or-
ganic complexes, and Cr(III) can be adsorbed onto silicacious
components (James and Bartlett, 1983c; Bartlett and James, 1988).

Cr has four isotopes: 50Cr (abundance 4.31%), 52Cr (83.76%), 53Cr
(9.55%), and 54Cr (2.38%). The variation of Cr isotopic compositions
(δ53Cr) in natural environment is primarily controlled by redox reac-
tions (e.g. Ellis et al., 2002; Ellis et al., 2004; Schauble et al., 2004;
Schoenberg et al., 2008). Cr isotopic fractionation during Cr(III) oxida-
tion is poorly constrained, with values ranging from +1‰ to −2.5‰
(positive means the product is isotopically heavier than the reactant),
depending on the oxidants (Bain and Bullen, 2005; Ellis et al., 2008;
Wang et al., 2010; Zink et al., 2010). The variable fractionations are like-
ly related to competition between kinetic and equilibrium isotope frac-
tionation during oxidation (Zink et al., 2010; Wang et al., 2016b).
During Cr transport to the ocean through river or groundwater systems,
or within reducing marine environments, Cr(VI) can be partially re-
duced to Cr(III) with a preference for light isotopes, further enriching
the Cr(VI) pool in higher δ53Cr values if the reduction is incomplete
(e.g., Ellis et al., 2002; Berna et al., 2010; Zink et al., 2010; Raddatz et
al., 2011; Izbicki et al., 2012; Basu et al., 2014; Reinhard et al., 2014;
D'Arcy et al., 2016; Gueguen et al., 2016).

The Cr isotopic system is unique, because in marked contrast to
other redox tracers such as Mo or Fe, non-redox processes are thought
to generate negligible Cr isotope fractionations (Ellis et al., 2004;
Shauble et al., 2004). For over a decade, δ53Cr has been used to monitor
for reductive Cr(VI) remediation because of redox effects on Cr isotope
fractionation (e.g., Ellis et al., 2002; Ball and Izbicki, 2004; Berna et al.,
2010; Raddatz et al., 2011; Basu and Johnson, 2012; Izbicki et al.,
2012; Jamieson-Hanes et al., 2012;Wanner et al., 2012). More recently,
it has been used as a paleoredox proxy to reconstruct the evolution of
Earth's ocean-atmosphere system (e.g., Frei et al., 2009; Crowe et al.,
2013; Planavsky et al., 2014; Reinhard et al., 2014; Cole et al., 2016;
Gilleaudeau et al., 2016; Holmden et al., 2016; Wang et al., 2016a;
Wang et al., 2016c).

Applications of the Cr isotope system as a redox proxy requires a
clear understanding of the global Cr cycle. While rivers are known to
contribute a major source of Cr to oceans (e.g. Jeandel and Minster,
1987; Reinhard et al., 2013; McClain and Maher, 2016), δ53Cr values of
river waters, as well as Cr systematics under different climate regimes
remain poorly constrained (e.g. Farkaš et al., 2013; Berger and Frei,
2014; Paulukat et al., 2015; D'Arcy et al., 2016). To move forward our
understanding on this topic, we have examined Cr isotope fractionation
at a catchment scale. Specifically, we present a record of Cr isotope data
from river water, weathered catchment rocks, and bottom sediment
from the temperate Connecticut River, providing preliminary con-
straints on the isotopic compositions of the suspended load as well as
seasonal effects on the Cr system.

2. Regional setting

The Connecticut River is the largest and longest river in New England,
and the third-largest river on the east coast of the United States (The Con-
necticut River Watershed Council, http://www.ctriver.org). The river
originates near the U.S. border with Quebec, Canada, flows south for
~660 km, and empties into the Long Island Sound. It drains a total of
28,490 km2 with an annual average discharge of 560 m3/s, providing
70% of the Long Island Sound's freshwater (http://www.ctriver.org). The
sediment yield of the Connecticut River is low (7.41 × 109 kg y−1,
Gordon, 1980), because much of its drainage basin was recently scoured
by glaciation. For example, the upper andmiddle reaches of the Connect-
icut River are covered with glacial sediments and Paleozoic plutonic and
metamorphic rocks (schists, amphibolites, gneisses, metavolcanics and
metapelites). In the lower reaches, Mesozoic basalts are also exposed. Pa-
leozoic Calcareousmetasediments are also distributed along the river val-
ley (Douglas et al., 2002; Reed et al., 2004) (Fig. 1).
3. Samples

We collected water and suspended particulate samples in October
2014 and April 2016. One river water sample was collected from the
Mill River in November 2014 for testing analytical methods (Fig. 2,
Table 1). We also sampled a few water samples from the Amazon
River in Brazil in order to tentatively explore climate effects. For each
sample, approximately two liters of water were collected about 3 m
away from the riverbank and stored in acid-cleaned polyethylene bot-
tles.Within 24 h after sampling, the pHvaluesweremeasured and sam-
ples were filtered through acid cleaned 0.2 μm Whatman™ Nylon
membranes. The filteredwater sampleswere stored at 4 °C. Filtermem-
branes were saved for suspended particulate analysis. During sampling
we attempted tominimize anthropogenic influenceby avoidingdensely
populated and industrial areas, as rivers flowing through industrial
areas tend to have higher Cr concentrations (5–50 ng/mL, Wilber and
Hunter, 1977; Vanderveen and Huizenga, 1981). There was no major
rainfall a week prior to the sampling event.

The bottom sediment samples were collected roughly 3 m away
from the river bank in October 2016. The sediments were centrifuged
and the supernatant was discarded. A few grams of centrifuged sedi-
ments were then transferred into Teflon beakers and dried down at
60 °C on hot plates. The dry samples were powdered with an agate mill.

Several weathering profiles were sampled along the Connecticut
River (Table 1) to provide a baseline for interpreting the results from
the river water, sediments and suspended matter: a Triassic basalt pro-
file along the tributary of theWestfield River (Fig. 3a, see GPS location in
Table 1), a shale/siltstone profile along the tributary of the Farmington
River (Fig. 3b), and a glacial till profile along theDeerfield River (Fig. 3c).

The ca. 10 m basalt overlies a metamorphosed shale unit (ca. 10 cm
thick), and is cut through by a ca. 40 cm vertical fracture zone. Samples
in this profile include an altered basalt within the fracture zone (SSP-1),
two un-altered basalts adjacent to the altered zone (SSP-2 and SSP-5),
two samples above (SSP-3) and below (SSP-4) the basalt-metashale
contact, and one basalt floating in the top soil (SSP-6) that appears to
be altered (Fig. 3a).

The Triassic shale/siltstone profile (Fig. 3b) is red, indicating
sustained oxidative weathering. A total of five samples (WSP-1 to
WSP-5, along strike in the exposed soil horizon) were taken from the
same horizon to avoid syndepositional heterogeneities. The unit is
more fractured on the left than on the right.

The glacial till profile was taken from a former gravel quarry (Fig.
3c). The profile can be divided into the following layers (from top to bot-
tom): A ~15 cmdark topsoil rich in organicmatter (GSP-0 andGSP-1), a
~25 cm brown horizon (GSP-2), a ~50 cm yellow silt layer (GSP-3), a
~35 cm gray silt/mud layer (GSP-4), a ~5 cm yellow silt layer (GSP-5),
and finally a gray silt/mud layer with intercalated gravels (GSP-6). A
total of seven samples (GSP-0 to GSP-6, from top to bottom) were col-
lected from this profile.

4. Analytical methods

Solid rock samples were crushed in a ceramic jaw crusher and pow-
dered with an agate mill. River sediments, glacial till, and shale samples
were ashed at 500 °C for 8 h to remove organicmatter before acid disso-
lution. About 0.1 g rock and sediment powders were dissolved in 2 mL
concentrated HNO3 and 2 mL HF on a hotplate. Samples were then
dried and repeatedly flushed with 5 mL 6N HNO3 and 5 mL 6N HCl to
dissolve fluorides. Samples were finally dissolved in 4 mL 6N HCl for
trace element and isotope analysis.

River water samples were evaporated and then redissolved in 4 mL
6N HCl. The suspended samples were treated with 10 mL aqua regia
with 1 mL concentrated HF at 130 °C on a hotplate. The digested sam-
ples were evaporated to dryness and dissolved in 4 mL 6N HCl.

Trace element concentrations for all samples were measured on
a Thermo Finnigan Element XR ICP-MS using multi-element

http://www.ctriver.org
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Fig. 1. Geological map of the Connecticut River.
(modified from Reed et al., 2004)
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standard solutions with similar matrix elements to samples. Based
on measured Cr concentrations, aliquots of acid digests containing
1 μg were spiked with appropriate amount of 50Cr\\54Cr double
spike before drying (Ellis et al., 2002; Schoenberg et al., 2008) to yield
(54Cr)spike/(52Cr)sample of ~0.5. The spike was added into thewater sam-
ples and then evaporated to dryness. For river water, the dried samples
were heated in aqua regia overnight at 100 °C on a hotplate (lids closed)
to destroy organic matter. All samples bathed in 0.5 mL 6N HCl and left
on a hotplate at ~100 °C until column procedures were performed.

For river sediments, suspended particles, and weathering profile
samples with high Cr concentrations, Cr was purified following the
anion exchange resin method (Schoenberg et al., 2008; Planavsky et
al., 2014). For river water samples with low Cr concentrations, Cr was
purified following the cation exchange method (Bonnand et al., 2011).
For bothmethods, residual Fe was removed by amicro-column charged
with 0.3 mL (inner diameter ~0.3 mm) anion exchange resin AG1-X8
(100–200 mesh). During the Fe microcolumn procedure, samples
were dissolved in 0.2 mL 6N HCl, passed through the resin. Chromium
was collected immediately after loading. An additional 0.4 mL 6N HCl
was used to completely elute any remaining Cr.

Chromium isotopic compositions were measured on a Neptune Plus
MC-ICP-MS housed at the Yale Metal Geochemistry Center. Purified Cr
samples were dissolved in ~0.7 N HNO3 with concentrations of
~250 ng/g and 50 ng/g for sediments/suspended particles and water
samples, respectively, and introduced to the plasma with a PFA μFlow
nebulizer (~50 μL/min) coupled with an Apex IR desolvation introduc-
tion system (Elemental Scientific) without additional gas or membrane
desolvation. With a standard sample cone and X skimmer cone and
under high-resolution mode, the obtained sensitivity was 15–75 pA
52Cr per 1 μg/g Cr. All ion beams were measured on Faraday detectors
connected to 1011Ω amplifiers. The isotopes 49Ti, 51V, and 56Fe were
measured to monitor and correct for isobaric interferences of 50Ti, 50V,
and 54Fe. The unprocessed NIST SRM 979 standard was analyzed after
every three samples tomonitor potential drift, whichwas b0.1‰within
each analytical session. On-peak blanks weremeasured before and after
every sample/standard and subtracted before the double spike data re-
duction (cf. Johnson et al., 1999).

The total procedural Cr blank was b0.6 ng for water samples, and
~2 ng for sediments, weathering profiles and suspended particles.
These blankswere very small relative to the amount of Cr in the samples
(b1%). The analytical accuracy and precision forwater samples and sed-
iments/suspended particles were assessed by repeatedly processing
and measuring USGS reference materials BHVO-2 and NIST SRM 3112
standard . Measured SRM 3112a (−0.07 ± 0.06‰, 2SD, n = 7) and
BHVO-2 (−0.09 ± 0.03‰, 2SD, n = 8) (Table 2) are consistent with
previous measurements (e.g. Schoenberg et al., 2008; Wang et al.,
2016b, 2016c).
5. Results

Sample information and pH data are given in Table 1 (no pH values
were acquired in April 2016), and Cr isotope and concentration data are
presented in Table 3. The pHvalues of October 2014 riverwater samples



Fig. 2. Amap of the Connecticut River basin (modified from the Connecticut RiverWatershed Council, http://www.ctriver.org). The red circles are sampling locations for rivers water and
sediments, and the green triangles are forweathering profiles. The cities (open circles) fromupstream to downstreamare:Walpole, Brattleboro, Hinsdale, Greenfield, Springfield,Windsor,
Harford, and Middletown. MR–1 is for the Mill River (a small river about 50 km west of the Connecticut River).
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range from 7.04 to 7.58 (Table 1). The δ53Cr values of the Connecticut
River range from −0.17‰ to 0.90‰, similar to other studied rivers
(Frei et al., 2014; Paulukat et al., 2015; D'Arcy et al., 2016), but lower
than some rivers draining serpentinite rocks (up to 4‰, Farkaš et al.,
2013; Novak et al., 2014). No correlation between pH and Cr concentra-
tion or δ53Cr values is found (see Rai et al., 1987 for a relationship be-
tween Cr solubility and pH). The dissolved Cr concentration in
Connecticut River water (1.7–6.2 nM, or 0.1–0.3 ng/mL) is lower than
other rivers worldwide (2–1730 nM, or 0.1–86.5 ng/mL, Dojlido and
Best, 1993), and is also below the discharge-weighted global average
riverine input value of ~15 nM or ~0.75 ng/mL (Reinhard et al., 2013).
Table 1
Sample information.

Num. River Basins Cities Date

CR-1 West River Walpole 10/29/15
CR-2 Connecticut River Brattleboro 10/29/15
CR-3 Saxtons River Brattleboro 10/29/15
CR-4 Ashuelot River Hinsdale 10/29/15
CR-5 Connecticut River Hinsdale 10/29/15
CR-6 Deerfield River Greenfield 10/29/15
GSP-(0–6) Deerfield River Greenfield 6/14/15
CR-7 Westfield River Springfield 10/29/15
SSP-(1–6) Westfield River Springfield 6/14/15
CR-8 Farmington River Windsor 10/29/15
WSP-(1–5) Farmington River Windsor 6/14/15
CR-9 Connecticut River Windsor 10/29/15
MR-1 Mill River New Haven 11/23/15
There is no clear correlation between Cr concentration and δ53Cr values,
both in October 2014 and April 2016 (Fig. 4A).

There was a clear difference in the δ53Cr and Cr concentrations in
suspended particles between or two (spring and fall) sampling times.
The δ53Cr values of October 2014 suspended samples range from
0.01‰ to 0.13‰, which are ~0.1‰ higher than April 2016 samples
that range from−0.01‰ to−0.11‰ (Fig. 4B, Table 3). October samples
are slightly fractionated from the BSE while April samples are indistin-
guishable from BSE (Fig. 4B, Table 3). The Cr concentration of April
2016 suspended samples (1.25 to 6.33 ng/mL) are generally higher
than October 2014 samples (0.57 to 0.94 ng/mL) (Fig. 4B; Table 3). In
Latitude Longitude Elevation (m) pH

42°52′37.49″ 72°34′19.89″ 67 7.37
42°52′16.55″ 72°33′19.10″ 68 7.56
43°07′24.24″ 72°26′29.31″ 75 7.58
42°47′08.76″ 72°29′08.99″ 65 7.10
42°46′01.81″ 72°30′05.38″ 66 7.45
42°34′11.52″ 72°35′13.23″ 35 7.24
42°33′17.0″ 72°33′49.7″
42°05′2.10″ 72°35′39.90″ 12 7.32
42°06′22.9″ 72°40′52.0″
41°50′44.41″ 72°38′22.60″ 10 7.04
41°53′19.0″ 72°46′29.2″
41°50′52.30″ 72°37′25.15″ 6 7.33
41°19′33.60″ 72°54′32.10″ 14

http://www.ctriver.org


Fig. 3. Threeweathering profiles: (a) The basalt weathering profile along the tributaryWestfield River; (b) The shale/siltstoneweathering profile exposed by a road cut along the tributary
Farmington River; (c) A glacial till profile exposed in a quarry along the tributary Deerfield River.
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order to examine Cr depletion/enrichment and its migration in
weathering profiles and catchments, Cr concentrations are normalized
to Al concentrations because Al is considered immobile during
weathering (Frei et al., 2014; Babechuk et al., 2016; Holmden et al.,
2016). After normalization, the Cr/Al ratios of April 2016 samples
(0.0007 to 0.0183) are generally lower than October 2014 samples
Table 2
Standard values (processed through the same procedures as samples).

ng Cr used δ53Cr 2se

SRM3112a 50 −0.02 0.07
100 −0.07 0.04
50 −0.05 0.06
100 −0.06 0.04
100 −0.08 0.01
100 −0.08 0.02
100 −0.13 0.01

BHVO-2 100 −0.08 0.04
100 −0.08 0.04
100 −0.09 0.04
100 −0.10 0.04
100 −0.09 0.04
100 −0.08 0.04
100 −0.12 0.04
(0.0018 to 0.0356) (p = 0.017, Mann-Whitney statistic = 68) (Fig.
4D; Table 4).

Fe and Mn concentrations in suspended particles are plotted in Fig.
4E–H. Suspended Fe concentrations in April are statistically higher
than those in October (p = 0.006, Mann-Whitney U rank test, Table
4), but Mn concentrations show no statistically significant difference
(p= 0.058; Table 4; Fig. 4F). The ratio of Mn/Fe generally follow the ex-
pected trend (Fig. 4E) predicted by the upper continental crust, or UCC
(Rudnick and Gao, 2003). Higher Fe-Mn suspended samples contain
lower Cr/Al ratios (Fig. 4G–H; Table 4).

There is no obvious climatic effect on dissolved Cr (Fig. 4A), ex-
cept when each tributary is evaluated individually (Fig. 5). Some,
but not all tributaries show differences in δ53Cr between the two
sampling sessions (Fig. 5A). For example, samples CR-3, CR-4, CR-5,
CR-7, and CR-8 have similar δ53Cr values between two sampling ses-
sions, while samples CR-1 and CR-9 show large seasonal differences.
For Cr concentrations, all samples show discernable differences be-
tween October and April. Five out of seven samples (with available
data) show higher Cr concentration in October (0.09–0.32 ng/L)
than in April (0.06–0.11 ng/mL).

Bottom sediments were measured only in October 2014 and their
δ53Cr values (−0.02‰ to−0.16‰, Table 2) are indistinguishable from
the BSE (Fig. 6). The sediment Cr concentrations (20 to 138 μg/g, aver-
aged 58.7 μg/g) are close to those in some large rivers, such as



Table 3
Element and Cr isotope data for water, suspended particulate, sediments, and weathering profile samples. Note that Cr concentration units for rock samples are μg/g, but for water and
suspended samples are ng/ml.

Samples δ53Cr 2σ Cr Al Fe Mn

Shale/siltstone profile (altered) WSP-1 −0.08 0.05 114.67 102,674.68 72,003.80 611.13
Shale/siltstone profile (altered) WSP-2 −0.20 0.05 49.61 52,017.16 29,236.19 615.10
Shale/siltstone profile (altered) WSP-3 −0.15 0.05 37.47 50,419.32 23,203.11 420.17
Shale/siltstone profile (altered) WSP-4 −0.21 0.04 42.27 48,264.55 24,829.77 381.31
Shale/siltstone profile (altered) WSP-5 −0.19 0.04 56.31 55,355.53 29,182.41 470.88
Glacial till profile (soil) GSP-0 −0.18 0.04 39.81 49,503.15 33,766.53 841.19
Glacial till profile (soil) GSP-1 −0.12 0.05 33.13 45,870.26 32,336.75 895.34
Glacial till profile (silt) GSP-2 −0.12 0.04 35.28 50,023.12 33,651.11 813.98
Glacial till profile (silt) GSP-3 −0.22 0.04 29.22 45,721.29 29,017.54 856.33
Glacial till profile (silt/mud) GSP-4 −0.29 0.04 61.88 71,419.27 46,476.87 1018.98
Glacial till profile (silt) GSP-5 −0.20 0.04 50.42 61,395.89 66,998.32 2007.26
Glacial till profile (silt/mud) GSP-6 −0.23 0.04 67.63 85,604.09 45,813.46 894.34
Basalt profile (altered) SSP-1 −0.20 0.05 65.31 57,063.74 109,758.52 1494.29
Basalt profile (un-altered) SSP-2 −0.26 0.04 72.47 60,243.84 133,641.16 1726.63
Basalt profile (un-altered) SSP-3 −0.15 0.04 59.57 57,291.61 70,408.01 951.15
Basalt profile (altered) SSP-4 −0.16 0.03 76.49 60,492.39 60,768.34 559.84
Basalt profile (un-altered) SSP-5 −0.27 0.03 70.98 52,590.82 131,793.52 1947.08
Basalt profile (altered) SSP-6 −0.17 0.04 42.29 52,497.16 42,727.35 1209.36
Bottom sediments CR-1 −0.13 0.04 129.75 60,690.03 47,634.46 1061.91
Bottom sediments CR-2 −0.14 0.04 52.80 51,432.45 32,733.18 771.24
Bottom sediments CR-4 −0.10 0.04 23.18 44,760.91 16,388.79 1044.94
Bottom sediments CR-5 −0.14 0.04 53.82 48,639.57 32,620.82 1111.10
Bottom sediments CR-6 −0.13 0.04 59.92 52,402.46 59,013.73 2243.79
Bottom sediments CR-7 −0.03 0.04 72.24 61,450.17 41,285.75 860.32
Bottom sediments CR-8 −0.08 0.04 49.20 57,861.81 32,938.31 1007.25
Bottom sediments CR-9 −0.08 0.04 28.40 40,598.71 16,522.40 316.89
River Water - October 2014 CR-1 −0.17 0.07 0.32
River Water - October 2014 CR-2
River Water - October 2014 CR-3 0.82 0.06 0.11
River Water - October 2014 CR-4 0.16 0.06 0.10
River Water - October 2014 CR-5 0.53 0.06 0.09
River Water - October 2014 CR-6
River Water - October 2014 CR-7 0.83 0.06 0.09
River Water - October 2014 CR-8 0.90 0.06 0.15
River Water - October 2014 CR-9 0.79 0.06 0.12
Mill River Water - October 2014 MR-1 1.02 0.05 0.52
River Water - April 2016 CR-1 0.40 0.04 0.11 42.35 28.80 6.77
River Water - April 2016 CR-2 0.37 0.04 0.13 34.67 32.93 23.20
River Water - April 2016 CR-3 0.78 0.04 0.12 29.79 19.67 3.75
River Water - April 2016 CR-4 0.32 0.04 0.06 27.42 32.84 4.88
River Water - April 2016 CR-5 0.37 0.04 0.12 26.53 25.13 5.91
River Water - April 2016 CR-6 0.36 0.04 0.11 49.97 40.27 4.34
River Water - April 2016 CR-7 0.75 0.04 0.06 18.90 22.99 2.27
River Water - April 2016 CR-8 0.92 0.04 0.09 11.47 23.64 1.65
River Water - April 2016 CR-9 0.26 0.04 0.09 29.39 44.71 2.11
Suspended - October 2014 CR-1 0.01 0.03 1.06 34.38 98.97 1.31
Suspended - October 2014 CR-2 0.01 0.02 0.64 23.73 103.96 3.63
Suspended - October 2014 CR-3 0.13 0.02 1.03 28.91 97.12 1.58
Suspended - October 2014 CR-4 0.06 0.02 1.19 62.22 156.68 5.01
Suspended - October 2014 CR-5 0.09 0.02 0.68 102.59 115.44 5.49
Suspended - October 2014 CR-6 0.07 0.02 1.02 564.69 251.03 10.31
Suspended - October 2014 CR-7 0.07 0.02 0.75 50.73 80.98 7.50
Suspended - October 2014 CR-8 0.07 0.02 0.87 54.03 98.64 7.34
Suspended - October 2014 CR-9 0.08 0.02 0.81 115.65 176.57 10.97
Suspended - April 2016 CR-1 1.25 109.14 112.92 1.65
Suspended - April 2016 CR-2 −0.11 0.03 1.84 987.02 510.68 19.36
Suspended - April 2016 CR-3 −0.09 0.04 1.37 201.44 163.55 3.00
Suspended - April 2016 CR-4 −0.02 0.04 1.20 191.76 265.20 8.09
Suspended - April 2016 CR-5 −0.03 0.03 1.76 1018.38 502.16 16.65
Suspended - April 2016 CR-6 −0.10 0.01 1.45 260.12 200.21 7.50
Suspended - April 2016 CR-7 0.00 0.04 1.99 1316.19 546.77 30.30
Suspended - April 2016 CR-8 −0.01 0.03 1.63 89.07 169.09 17.96
Suspended - April 2016 CR-9 −0.07 0.03 6.33 9638.21 4356.67 90.64
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Brahmaputra, Yangtze, Yellow River (Du et al., 2011 and references
therein), but lower than the rivers in the Deccan basalt province
(100–306 μg/g, Das and Krishnaswami, 2007). The Cr/Al ratios in bot-
tom sediments are generally lower than the BSE (except for sample
CR-1, Fig. 5F).

The δ53Cr values for the investigated basalt samples (both visually al-
tered and unaltered) range from −0.15‰ to −0.27‰, which are at the
lower end of, or slightly negatively fractionated from the BSE (−0.1 ±
0.1‰, Schoenberg et al., 2008). The Cr/Al ratios (0.0010–0.0013) do not
differ between altered (SSP-1, 3, 4, 6) and unaltered (SSP-2, 5) basalts,
which are similar to the UCC (0.0011, Rudnick and Gao, 2003).

The δ53Cr values for the weathered shale/siltstone samples are also
at the lower end of the BSE values (Table 3; Fig. 6). The severely weath-
ered portion on the left (WSP-1) appear to have higher δ53Cr values
(−0.08‰) than those of the relatively less weathered portion
(−0.19‰), although the total variation (0.11‰ difference) is within



Fig. 4. Correlation between δ53Cr, Cr, Al, Fe, andMn concentrations. All figures share the same legend as B. The gray bars in A–E represent the unfractionated BSE (Schoenberg et al., 2008).
Thedashed curve in F represents the expected relationship betweenMn and Fe concentration in averageupper continental crust (Rudnick andGao, 2003). Notice the log scale of the x-axes
in C,E, F, G, and H.

104 W. Wu et al. / Chemical Geology 456 (2017) 98–111
the analytical error. The Cr/Al ratios in this profile (0.0007–0.0011) are
similar to, or slightly lower than the average value for the UCC.

The δ53Cr values in the glacial till profile are again at the lower end
of, or slightly lower than the BSE (Table 3; Fig. 6). Samples in the
lower section (−0.23‰) have slightly more negative δ53Cr values
than those in the upper section (−0.12‰), but again the difference is
within the analytical error. All samples in this profile have Cr/Al ratios
(0.0006–0.0009) much lower than the UCC (0.0011).



Table 4
Unparameterized Mann-Whitney U rank tests.

April 2016 compare to October 2014 p value

Dissolved δ53Cr Same 0.185
Dissolved Cr Same 0.130
Suspended δ53Cr Lower 0.006
Suspended Cr Higher 0.003
Suspended Al Higher 0.004
Suspended Cr/Al Lower 0.017
Suspended Fe Higher 0.006
Suspended Mn Same 0.058
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6. Discussion

6.1. Dissolved Cr

The δ53Cr values of global seawater follow a Rayleigh type fraction-
ation model, which is suggested as a result of partial reduction of
Cr(VI) in surface waters (Scheiderich et al., 2015). Lack of this correla-
tion in the Connecticut River and other global rivers (compiled in Fig.
7A) suggests that Cr concentration and δ53Cr in rivers are also controlled
by other processes, such as the weatherability, Cr content, and δ53Cr of
the local catchment lithology in individual tributaries. Interestingly, al-
though serpentinite catchment lithology (e.g., India and the Czech Re-
public) generates higher dissolved Cr concentration in rivers
compared to other catchment lithologies such as basalt, their δ53Cr
values are similar (this study; Berger and Frei, 2014; Frei et al., 2014;
Novak et al., 2014; Paulukat et al., 2015; D'Arcy et al., 2016).
6.2. Suspended Cr

Suspended Cr could have several Cr species, including adsorbed
Cr(VI), adsorbed ligand-bound Cr(III), colloidal Cr(III), clay-bound
Cr(III). Adsorbed Cr(VI) should inherit high δ53Cr values from dissolved
Cr(VI); ligand-bound Cr(III) δ53Cr values are currently unconstrained
due to lack of experimental data; colloidal Cr(III) δ53Cr values results
from hydrolysis of Cr(III) sourced from Cr(VI) reduction, or from li-
gand-bound Cr(III); clay-bound Cr(III) δ53Cr values are expected to be
unfractionated from the BSE values (e.g., Gueguen et al., 2016). The
δ53Cr of Cr(III) sourced from Cr(VI) reduction can vary widely depend-
ing on the δ53Cr of Cr(VI) and the extent of reduction. Further, the pro-
portion each Cr pool listed above ultimately determines the δ53Cr of the
suspended particles.

The δ53Cr values of suspended samples in April 2016 are within the
BSE range, suggesting dominance of unfractionated, potentially detrital
Cr. Normalizing Cr to Al concentrations changed the direction of the Cr
concentration trend between our two sampling sessions (April and Oc-
tober (Fig. 4B–D)), confirming that higher Cr concentrations found in
April samples are indeed because of increased suspended silicate com-
ponent represented by high Al concentration.

Fe andMnare closely linkedwith Cr cycling because of adsorption of
Cr to iron oxides and oxidation of Cr(III) byMn oxides (Ellis et al., 2002;
Ellis et al., 2004; Wang et al., 2010; Nakayama et al., 1981). Higher Fe
(and potentially higher Mn) in April samples suggest higher oxide
load. However, higher oxides did not have a significant influence on
the δ53Cr of suspended Cr, as adsorption would inherit dissolved
Cr(VI) δ53Cr and thus should have made the suspended Cr isotopically
heavy. Instead, the inverse correlation between Cr/Al and Fe and Mn
(Fig. 4G–H) suggests that April 2016 samples have higher oxide and sil-
icate components that are relatively depleted in Cr concentration. One
possible explanation for the depleted Cr concentration in suspended
particles could be oxidation of Cr(III) by manganese oxides, which is
also consistentwith the fact that oxidation generally releases isotopical-
ly heavy Cr and thus leads to isotopically light Cr in the residual, consis-
tent with the observed low δ53Cr in suspended particles.
6.3. Cr speciation

Thermodynamic equilibrium predicts that Cr(VI) should be the pre-
dominant dissolved Cr species in seawater (Elderfield, 1970). However,
a significant amount of Cr(III) (~10% to ~100%) is found in river, estuary,
and open ocean waters (Elderfield, 1970; Comber and Gardner,
2003)—much higher than thermodynamic predictions. Because of the
very low solubility of Cr(III) (Rai et al., 1987), such high dissolved
Cr(III) concentration at pH 7–8 suggests that Cr(III) is stabilized in solu-
tion by some chemical component, likely dissolved organic matter (e.g.
Nakayama et al., 1981; James and Bartlett, 1983a, 1983b, 1983c). Dis-
solved Cr(III) could be sourced from ligand mobilization of insoluble
Cr(III) contained in catchment rocks, or from reduction of dissolved
Cr(VI). Currently, experimental Cr isotope fractionation during organic
ligand mobilization is lacking, but fractionation is expected to be small
given that non-redox reactions generally induce small isotope fraction-
ations in the Cr system (Ellis et al., 2002; Ellis et al., 2004; Schauble et al.,
2004; Schoenberg et al., 2008; Wang et al., 2015). Indeed, experiments
show that Cr(VI) reduction produces Cr(III) with relatively low δ53Cr
values offset from the remaining Cr(VI) by a constant value (Ellis et
al., 2002; Døssing et al., 2011; Kitchen et al., 2012; Basu et al., 2014).
However, given Cr(VI) is isotopically heavy (Ellis et al., 2002; Ellis et
al., 2004; Schauble et al., 2004; Schoenberg et al., 2008; Wang et al.,
2015 due to oxidation), reduction of Cr(VI) could produce Cr(III) with
either positive or negative δ53Cr, depending on the isotope fractionation
factor and extent of reduction. In sum, the measured dissolved δ53Cr
values in this study are likely mixed values of dissolved Cr(III) and
Cr(VI). Future work on δ53Cr values of dissolved Cr(III) is needed to in-
vestigate the true values of dissolved Cr(VI) produced by oxidative
weathering.

6.4. Anthropogenic influences

The Cr concentrations in all of ourwater samples are very low (0.088
to 0.938 ng/mL and 0.056 to 0.133 ng/mL for the samples in October
2014 andApril 2016, respectively). These values are comparable to rain-
water samples collected in Lenox Mountain, MA and Wilmington, NC,
USA with dissolved Cr concentrations from 2.4 to 2.7 nM, or 0.12 to
0.14 ng/mL (Kieber et al., 2002 and references therein). In comparison,
rivers flowing through industrial areas have much higher Cr concentra-
tions, ranging from 5 to 50 ng/mL (Wilber and Hunter, 1977;
Vanderveen and Huizenga, 1981). In sum, it is unlikely that our Con-
necticut River water samples are influenced by anthropogenic sources.
In comparison, the sample of the Mill River (MR-1), which is near a
former industrial city (New Haven, CT), has a more positive δ53Cr
value (+1.02‰) and high Cr concentration (0.52 ng/g), and was
likely influenced by anthropogenic activities.
6.5. Spatiotemporal variation of δ53Cr and Cr concentration

We sampled over two sessions, and the differences in δ53Cr values
between these two sessions in some tributaries suggestes a seasonal
evolution in the riverine δ53Cr flux. Foremost, a strong difference in
δ53Cr between October 2014 and April 2016 samples is found in some
tributaries in the Connecticut River system (CR-1 and CR-9). CR-1 has
a much lower δ53Cr value in October relative to April, while CR-9
shows the opposite trend (Table 3; Fig. 5). Although additional work
is needed, this inverse direction of change at these two sites suggests
that seasonality (precipitation and temperature) is not the major con-
trol of the dissolved δ53Cr. Samples CR-3, CR-7, and CR-8 show similar
δ53Cr values between two sampling events, and the δ53Cr values in
these three samples are much higher than other samples in both sea-
sons. This suggests that in these tributary catchments, factors such as li-
thology (likely types of rocks uncharacterized in this study) play amore
important role than seasonality (temperature and precipitation) in



Fig. 5. Seasonality effects on Cr isotope systematics in the Connecticut River system. A & B: dissolved Cr; C and D: suspended Cr; E & F: bottom sediment Cr. Horizontal gray bars are the
δ53Cr and Cr/Al ranges of the bulk silicate earth and average upper continental crust, respectively (δ53CrBSE=−0.1±0.1‰, Schoenberg et al., 2008; Cr/AlUCC=0.0011±10%, Rudnick and
Gao, 2003).
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controlling river δ53Cr values. This catchment-specific variability is con-
sistent with previous river Mo isotope studies that found high Mo iso-
tope variability among catchments with different sizes and bed rock
lithology (e.g., Neubert et al., 2011).

Interestingly, the δ53Cr value ofWest River tributary (CR-1) in Octo-
ber value falls within the unfractionated BSE range (−0.17‰), in sharp
contrast to its April value (+0.4‰) (Fig. 5A). This sample also has the
highest observed Cr content in water, sediment, and suspended partic-
ulates in October (Fig. 5B), suggesting that the dissolved Cr in this water
sample may be dominated by unfractionated Cr, likely Cr(III) com-
plexed with organic molecules. Several studies show that Cr(III) com-
plexes form when Cr(VI) is reduced by soil organic material, and the
resulting complexes may be very stable (James and Bartlett, 1983a,
1983b; Fendorf, 1995; Kimbrough et al., 1999).



Fig. 6. Cross plot of δ53Cr vs. Cr/Al in suspended and rock/sediment samples in the
Connecticut River system. The suspended particle samples include October 2014 and
April 2016 samples. Horizontal and vertical bars represent the δ53Cr and Cr/Al ranges of
the BSE and average upper continental crust, respectively (δ53Cr = −0.1 ± 0.1‰, Cr/
Al = 0.0011 ± 10%. Schoenberg et al., 2008; Rudnick and Gao, 2003).

Fig. 7. Cr concentration and δ53Cr of dissolved Cr in river water (A) and in residual
weathered rocks (B) in previously published papers and in this study. Tropical climate:
India and Madagascar. Temperate climate: USA, Uruguay, Argentina, and Ireland. The
shaded blue vertical bar in A represents the average Cr concentration in rivers (Reinhard
et al., 2013; McClain and Maher, 2016) (A) and Cr/Al (B) of the average continental
crust. The gray horizontal bars represent the δ53Cr ranges for the upper continental
crust. Data sources: this study; Berger and Frei, 2014; Frei et al., 2014; Novak et al.,
2014; Paulukat et al., 2015; D'Arcy et al., 2016. Some stream waters with total Cr
concentrations higher than 1 ppm (because of anthropogenic or geogenic
contamination; Farkaš et al., 2013; Novak et al., 2014) are excluded.
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In contrast to river waters, suspended particles show a consistent
difference between spring and fall seasons. For example, δ53Cr values
of suspended samples in April 2016 are ~0.1‰ lower, with concentra-
tions 1.0–7.8 times higher than samples collected in October 2014
(Fig. 5C–D). Further, Cr/Al ratios in samples collected April 2016 are
about half that of October 2014 samples, except for samples CR-6 and
CR-8,which have higher Cr/Al in April than October (Table 3). These ob-
servations are consistent with presumably higher sediment load in the
Spring, and a lower reactive/detrital Cr ratio in the suspended material,
as discussed above.

For October 2014 water samples, there is a general shift to more
positive δ53Cr values moving downstream, with one exception (CR-3)
(Fig. 5A). However, this same trend was not observed in April 2016
samples. The systematic downstream increase in δ53Cr in October is un-
likely cased by partial reduction during transport, as partial reduction
would have caused dissolved Cr concentrations to decrease as Cr
moves downstream,which is not clearly observed (Fig. 5B). Interesting-
ly, the δ53Cr values of suspended particles and river bottom sediments
also increases upstream to downstream (Fig. 5C and E, respectively).
This suggests that source rocks may have controlled the δ53Cr values
of suspended sediment, bottom sediment, and river water samples.

6.6. Implications for river Cr flux to the ocean

According to ourmeasured Cr concentrations (0.12±0.06ng/mL for
total dissolved and 0.92± 0.35 ng/mL for suspended Cr) and previously
published water flux data (560 m3/s, Connecticut River Watershed
Council; Gordon, 1980), the dissolved and suspended Cr fluxes of the
Connecticut River into the Long Island Sound are 2.12 tons/year (or
4.08 × 104 mol/year) and 16.25 tons/year (or 3.13 × 105 mol/year), re-
spectively. Therefore, Cr transport in the Connecticut River is dominated
by the suspended load, consistent with previous findings (Kotaś and
Stasicka, 2000 and references therein). The total dissolved Cr flux of
the Connecticut River is about one to two orders lower than those of
other rivers with similar discharges (see compilation in McClain and
Maher, 2016). Such low dissolved Cr flux in the Connecticut River may
be related to relatively low Cr concentration in the basement basalt
(65 ± 25 μg/g, 2SD, based on the basalt samples in Table 2) compared
to average upper crust (92 μg/g) and lower crust (215 μg/g) (Rudnick
and Gao, 2003). It may also be related to very weak Cr leaching during
weathering in the catchment, consistent with a limited decrease in Cr/
Al ratios in bottom sediments and all catchment rocks (Fig. 6).

Previous δ53Cr data of river input, ocean reservoir, and sediment
sinks suggest a general mass imbalance. Global seawater has dissolved
δ53Cr values between 0.4‰ to 1.5‰ (e.g. Bonnand et al., 2013;
Scheiderich et al., 2015), which is similar to rivers––the major contrib-
utor of Cr to the ocean (e.g., Frei et al., 2014; Novak et al., 2014;
Paulukat et al., 2015; D'Arcy et al., 2016; this study). Another, but



Fig. 8. Histograms of the bootstrapped (1000 times) mean δ53Cr in temperate (the
Connecticut River in U.S.A.) and tropical (the Damsal River in India) climates: dissolved
Cr in A and weathered rocks in B. P value for the comparison between dissolved δ53Cr in
the Connecticut River (CR) and Damsal River (DR) is b0.001, but the difference in the
bootstrapped means (mean CR = 0.47‰, mean DR = 0.53‰) is within the current
analytical error (±0.07–0.09‰).
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smaller Cr input to the ocean is groundwater, which typically has higher
δ53Cr values compared to river water (e.g. Berna et al., 2010; Izbicki et
al., 2012). Since reductive sequestration of dissolved Cr from the
ocean is expected to push seawater to higher δ53Cr values, it is expected
that seawater δ53Cr should be higher than river input. This discrepancy
may be explained by lowering the average δ53Cr value of the continental
flux through release of isotopically light Cr from the suspended and/or
organically complexed Cr load. In our Connecticut River water samples,
only one (CR-1) has unfractionated δ53Cr and high dissolved Cr, sug-
gesting this water sample is dominated by dissolved, organic-com-
plexed Cr(III). In contrast, all suspended samples have higher Cr
concentrations and relatively unfractionated δ53Cr compared to dis-
solved Cr samples. Thus, spatial heterogeneities in terms of parent
rock lithology and dissolved organic content may explain the observed
variable Cr values within a single river (e.g. this study), as well as global
rivers (Frei et al., 2014; Novak et al., 2014; Paulukat et al., 2015; D'Arcy
et al., 2016), and global seawater (Bonnand et al., 2013; Scheiderich et
al., 2015). To our knowledge, this is the first report of δ53Cr values for
riverine suspended matter. Our data from the Connecticut River show
that the suspended Cr flux is about an order of magnitude higher than
the dissolved flux, suggesting suspendedmatter could potentially influ-
ence seawater Cr isotope values significantly. Therefore, future Cr iso-
tope studies of river waters should consider both dissolved and
suspended Cr.

6.7. Cr and its isotope fractionation in weathering profiles

Weathering of igneous rocks are expected to preferentially leach
light Cr isotopes, leaving the residual weathered rock with relatively
low Cr/Al ratio and negatively fractionated δ53Cr (Crowe et al., 2013;
Frei and Polat, 2013; Berger and Frei, 2014; Frei et al., 2014), although
in black shale weathering environments δ53Cr fractionation is absent
or in the opposite direction (Wang et al., 2016b). In contrast to previous
studies, weathering effects on Cr content and isotopic fractionation are
small in the Connecticut River system (a basalt-dominated catchment).
The Cr/Al ratios are similar to or slightly lower than the UCC (Rudnick
and Gao, 2003), suggesting weakmobilization of Cr during weathering.
The weathering profile samples (basalts, siltstones, and glacial tills)
have δ53Cr values similar to or smaller than the BSE (Fig. 6). The δ53Cr
values are at the lower end of, or slightly lower than the BSE in the re-
sidual catchment rocks and soils. They complement the positive δ53Cr
values in dissolved and suspended Cr. However, such subtle negative
values suggest that only small portion of Cr is mobilized during
weathering. Using the mean value of weathered rocks/soils and bottom
sediments (−0.15‰), the mean bulk silicate earth value (−0.1‰) as
the starting δ53Cr before weathering, and individual dissolved Cr δ53Cr
values, a simple mass balance calculation shows that from 5% to 12%
of Cr is weathered away from the source rocks into the Connecticut
River.

It would be useful to compare these values with values from a trop-
ical climate. Two other studies have reported Cr isotope systematics in
tropical climates––India (Paulukat et al., 2015) and Madagascar
(Berger and Frei, 2014). The δ53Cr values of weathered rock from India
range from −1.29‰ to −0.12‰, and δ53Cr values of weathered rock
from Madagascar range from −0.57‰ to −0.12‰, lower than those
in the Connecticut River system and BSE (Fig. 7B and Fig. 8B). In con-
trast, the δ53Cr of dissolved Cr between the two climate systems show
very small (but significant, p b 0.001) differences (Fig. 7A and Fig. 8A).
Such small difference, with a bootstrapped mean of 0.47‰ for the Con-
necticut River and 0.53‰ for the Damsal River, is within current analyt-
ical error (±0.07–0.09‰).

It is important to note the lithologic differences between the Con-
necticut River in USA (basalt) and the Damsal River in India (chromite).
Lithology is thought to be a dominant factor controlling weathering
rates in watersheds, with mineral weatherability decreasing in the
order from carbonate N mafic silicates N feldspars N quartz (White and
Blum, 1995 and refs therein). Such variableweatherability of catchment
rocks may have significant effect on the overall Cr mobility (e.g. Oze et
al., 2004a, 2004b) and isotope fractionation, as reaction timescales can
influence kinetic isotope fractionation (e.g. Sikora et al., 2008; Basu
and Johnson, 2012; Basu et al., 2014; Jamieson-Hanes et al., 2012) and
isotope exchange between reduced and oxidized Cr(VI) (e.g. Wang et
al., 2015). The Madagascar study investigated a laterite profile devel-
oped on a granitoid bedrock, but no dissolved Cr data were reported.
In order to have more rigorous comparison between different climate
systems, more Cr studies of different catchment rocks in tropical areas
are needed.

6.8. Climate effects on Cr isotope systematics in weathering environments

Apart from lithology effects on Cr isotopic systematics during
weathering, climate may also play a role. Many studies have shown a
dependence of weathering rates on climate (temperature, rainfall, and
runoff) (e.g., Meybeck, 1987; White and Blum, 1995; Gaillardet et al.,
1999; Millot et al., 2002; Oliva et al., 2003; Wu et al., 2013; Li et al.,
2016). Therefore, precipitation and temperature effects should be con-
sidered when modeling the feedback between climate and chemical
weathering rates, especially the influence of tropical regions on global
silicate weathering fluxes (White and Blum, 1995). Runoff and temper-
ature also positively influenceweathering rates (e.g., Millot et al., 2002).
Hydrochemical data of 99 small watersheds in granitic environments
show that the highest weathering rate was obtained for tropical zone
warm watersheds (Oliva et al., 2003). Therefore, it is expected that the
weathering of different climate regions as well as lithological differ-
ences will have important effects on the release, migration, and frac-
tionation of Cr.

Tropical soils are typically wetter and contain more organic matter
with shorter residence times compared to temperate soils (Trumbore,
1993). Dissolved organic matter can promote Cr(VI) reduction (e.g.
Wittbrodt and Palmer, 1997; Gu and Chen, 2003), and thus may inhibit
Cr(III) oxidation during weathering because of the relative chemical in-
ertness of Cr(III)-ligand complexes (Cotton et al., 1980). It has been
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proposed that organic rich weathering environments (e.g. top soils)
may be a sink of Cr rather than a source of Cr to runoff (e.g. Frei et al.,
2014; Wang et al., 2016b). However, soil and dissolved organic matter
were not analyzed in our study or studies of other weathering environ-
ments, and therefore we do not yet understand the relationship be-
tween dissolved organic matter, dissolved Cr content and δ53Cr in
weathering environments.

For assessing the influence of climate and lithology on Cr isotope
fractionation, we compare our data with previous studies focused on
tropical and temperate weathering environments (Crowe et al., 2013;
Berger and Frei, 2014; Paulukat et al., 2015; D'Arcy et al., 2016) (Fig.
7A). The dissolved Cr concentrations in the Connecticut River are at
the low end of published river water data. There is no systematic
trend in Cr concentration and δ53Cr between temperate (USA, Argenti-
na, Uruguay, Ireland, and CzechRepublic) and tropical (India and Brazil)
zones, suggesting that climate is not a major control of riverine Cr con-
centrations. Other factors––such as weatherability of parent rocks and
dissolved organic contents as discussed above––may play important
roles. For example, in catchments with ultramafic rocks, river Cr(VI)
concentrations reach as high as N20 μg/mL (Farkaš et al., 2013; Novak
et al., 2014; Paulukat et al., 2015).

Like river waters, the Cr/Al and δ53Cr values in weathered rocks do
not show systematic correlationwith climate zones (Fig. 7B). For exam-
ple, two tropical climate weathering profiles in India and Madagascar
have very different Cr/Al and δ53Cr values. The very negative laterite
δ53Cr values in India (as low as−1.29‰)were attributed to the extreme
intensive weathering of heterogeneously layered ultramafic Cr-rich
rocks (Paulukat et al., 2015). However, the laterite samples inMadagas-
car have δ53Cr values distinguishable from those in temperate climate
zones. These observations suggest that Cr isotope fractionation during
weathering is not a simple function of general climate type, but could
be controlled by parent rock lithology and denudation rates. As ob-
served previously, different Cr(III)-minerals have different weatherabil-
ity (e.g. spinels are more resistant than igneous and metamorphic
silicates, Oze et al., 2004a, 2004b),which, combinedwith the availability
of manganese oxides, control the mobilization of Cr(III) to Cr(VI) and
accompanied isotope fractionation (e.g. Eary and Rai, 1987; Bain and
Bullen, 2005; Oze et al., 2007). The denudation timescales of soil profiles
affect the timescales of contact between Cr(III) andmanganese oxides -
which controls the oxidation of Cr(III), and between Cr(VI) and Cr(III) -
which might shift δ53Cr values due to isotope exchange between the
two valence states (Altman and King, 1961; Schauble et al., 2004;
Wang et al., 2015).

The lack of clear climate signal on surface Cr isotope systematics sug-
gests that the isotopic composition of the Cr terrestrial flux to the ocean
does not vary dramatically on short times scales associatedwith climate
shifts, and thus Cr isotopes may be a robust paleoceanographic tracers
(e.g., Holmden et al., 2016; Wang et al., 2016c).

7. Conclusions

The δ53Cr values of the dissolved Cr in the Connecticut River water is
elevated from the weathering profiles by up to ~1‰. Seasonal effect on
dissolved Cr concentration and δ53Cr was observed in some but not all
tributaries. In contrast, δ53Cr values of suspended matters show a
small but systematic seasonal difference: within the BSE in April but
~0.1‰ higher than the BSE in October. This seasonal effect on
suspended Cr concentration and δ53Cr is attributed to increased silicate
and oxide load in spring seasons with stronger hydrological fluxes. The
positively fractionated dissolved and suspended Cr is complemented by
residual weathered rocks represented by several weathering profiles
and river bottom sediments, which have δ53Cr values at the lower end
of, or slightly more negative than the unfractionated BSE.

Although suspended δ53Cr is only slightly fractionated from BSE, its
annual flux is about 10 times higher than dissolved Cr load in the Con-
necticut River. If this relationship holds in other globally distributed
rivers, the suspended Cr load can potentially influence the isotopic com-
position of dissolved Cr in the coastal and open ocean water. Therefore,
the concentration and isotopic composition of suspended Cr should be
studied in more detail in future studies.

A compilation of the Cr isotopic compositions and concentrations in
river waters and weathered rocks from different climate zones suggest
that Cr isotope fractionation during weathering is not a simple function
of climate but is influenced by multiple factors such as lithology of par-
ent rocks and content of dissolved organic matter in weathering fluids.
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